Watersheds are important suppliers of freshwater for human societies. Within mountainous 48 watersheds, microbial communities impact water chemistry and element fluxes as water from 49 precipitation events discharges through soils and underlying weathered rock, yet there is limited 50 information regarding the structure and function of these communities. Within the East River, CO 51 watershed, we conducted a depth-resolved, hillslope to riparian zone transect study to identify 52 factors that control how microorganisms are distributed and their functions. Metagenomic and 53 geochemical analyses indicate that distance from the East River and proximity to groundwater and 54 underlying weathered shale strongly impact microbial community structure and metabolic 55 potential. Riparian zone microbial communities are compositionally distinct from all hillslope 56 communities. Bacteria from phyla lacking isolated representatives consistently increase in 57 abundance with increasing depth, but only in the riparian zone saturated sediments did we find 58 Candidate Phyla Radiation bacteria. Riparian zone microbial communities are functionally 59 differentiated from hillslope communities based on their capacities for carbon and nitrogen 60 fixation and sulfate reduction. Selenium reduction is prominent at depth in weathered shale and 61 saturated riparian zone sediments. We anticipate that the drivers of community composition and 62 metabolic potential identified throughout the studied transect will predict patterns across the larger 63 watershed hillslope system. 64
Introduction 65
Soil microbial communities impact our environment by driving biogeochemical cycles from 66 centimeter to global scales (Schimel and Schaeffer, 2012; Rousk and Bengtson, 2014) . They 67 expedite rock weathering (Krumbein, 1988; Gorbushina, 2007) recycle organic material in the 68 subsurface, and facilitate the growth of vegetation by altering the availability of nutrients in the 69 soil (Wardle et al., 2004) . These changes impact soil nutritional status and productivity and plant 70 survival and biotic interactions. It is not surprising then, that microbial communities are considered 71 ecosystem engineers (Viles, 2012) . 72
73
In recent years, mountain watersheds have received attention because of their importance for 74 supplying most of the world's fresh water (Viviroli et al., 2003) and because of their contributions 75 to subsurface carbon storage (Hagedorn et al., 2010; Chang et al., 2014; Wan et al., 2018) These 76 environments are comprised of a complex system of components, such as forests and meadows, 77 floodplains, and glaciers. In turn, each of these accommodates various habitats including soil, bare 78 rock, permafrost, and snow. Development of a predictive understanding of the behavior of such a 79 heterogeneous and interconnected set of ecosystem compartments is an extremely complicated 80 undertaking. Employing a scale-adaptive approach in which different ecosystem compartments are 81 considered as "systems within systems" could assist in disentangling the processes that shape 82 overall mountain ecosystem function (Levin, 1992; Hubbard et al., 2018) . A first step toward such 83 a goal is to investigate structure and functioning within individual montane ecosystem 84 compartments to provide a basis for future comparative studies and modeling efforts. In the long 85 term, the "systems within systems" approach may better enable predictions accompanying natural 86 or anthropogenic environmental perturbations. 87 88 Hillslope and floodplain compartments host the majority of soils in alpine and subalpine mountain 89 ecosystems, and biogeochemical processes that occur there impact downstream ecosystems. 90
Runoff and groundwater transport solutes along the elevation gradient and into aquifers, rivers and 91 lakes. Soils ay hillslopes and floodplains, and in general, harbor considerable microbial diversity 92 (Rime et al., 2014; Frey et al., 2016; Donhauser and Frey, 2018) . Most studies of microbial 93 communities in mountainous soils have been concerned with the microbial community structure 94 across different climate zones on the mountain slopes (Djukic et al., 2010; Zhang et al., 2013; Xu 95 et al., 2014; Klimek et al., 2015; Bardelli et al., 2017) . However, most work has focused only on 96 shallow soil, down to 20 cm (Zhang et al., 2013; Yuan et al., 2014; Bardelli et al., 2017) and 97 sometimes only the top 5 cm (Singh et al., 2014) . The shallow layer of soil is profoundly affected 98 by low temperatures that frequently drop below 0 °C and snow cover that crucially limits 99 biological, chemical and physical processes, and thus microbial life (Zumsteg et al., 2013) . In 100 contrast, the deeper soils and weathered rock in mountain ecosystems have been little studied. 101
While affected by events taking place in shallow layers, the microbial communities there are 102 probably also strongly influenced by moisture gradients and the geochemistry of the underlying 103 bedrock. 104
105
The East River headwaters catchment is a mountainous, high-elevation watershed, dominated by 106 the Cretaceous Mancos Shale Formation, with carbonate and pyrite contents of roughly 20% and 107 1%, respectively (Morrison et al., 2012) . The watershed has a mean annual temperature of ~0 °C, 108 with average minimum and maximum temperatures of -9.2 °C and 9.8 °C, respectively. The 109 watershed receives ~600 mm of precipitation per year, the bulk of which falls as snow, and is 110 representative of many other headwaters systems within the upper Colorado River Basin (Pribulick 111 et al., 2016; Hubbard et al., 2018) . 112
113
The present research focused on a lower montane hillslope through floodplain transect located 114 within the East River, CO watershed of the Lawrence Berkeley National Laboratory-led Watershed 115 Function Project. The intensive site that is the focus of this study is referred to as PLM (Pump 116 House Lower Montane). This scale-adaptive investigation of the Watershed Function Project at 117 the East River watershed explores how mountainous watersheds retain and release downgradient 118 water, nutrients, carbon, and metals (Hubbard et al., 2018) . Here, we address the composition, 119 diversity, potential metabolism of microbial communities, and the potential overlap in community 120 composition among sites along an altitudinal transect at different soil-weathered rock depths and 121 examine finer-scale variation within the hillslope system and its intersection with the floodplain 122 riparian zone .  123   124   125   126   127 128 PLM4, which extended below the water table. The base of PLM3 and PLM3 profiles are located 140 near or within the weathered Mancos Shale bedrock, while the base of PLM0 was located >1 m 141 above the weathered bedrock. PLM0 is at the top of the hill and PLM4 on the East River floodplain, 142 2788 m and 2743 m above sea level, respectively (Fig. 1 ). The soil in between sampling depths 143 was removed with an auger. An additional site, PLM6, was sampled by drilling and provided 144 access to weathered shale. Samples at PLM6 were taken from a split-spoon, dry drilled core. 145 146 Immediately after extracting samples, they were placed in sterile Whirl-Pak bags and manually 147 homogenized. Aliquots of 5 g of soil were placed in 10 ml of LifeGuard Soil Preservation Solution 148 (Qiagen, Netherlands). Care was taken to avoid roots and small rocks. Samples were placed in a 149 chilled cooler until processing at the Rocky Mountain Biological Laboratory (RMBL) later that 150 day. In the laboratory, roots and small rocks were removed from sampling bags and three 10 g 151 subsamples were weighted from each sample and placed in a -80 °C freezer. Samples were shipped 152 overnight on dry ice to University of California, Berkeley for DNA and RNA extractions. The amino acid sequences were clustered with the cluster_fast algorithm from usearch software 211 (Edgar, 2010 ) at a 99% similarity threshold, and the following settings: query_cov=1, 212 target_cov=0.5, and both max_accept and max_reject set to 0. Scaffolds of DNA sequences that 213 matched the clusters' open reading frames were retrieved from the metagenomes. Average 214 coverage was used as a proxy for relative abundance of different sequence types. In this analysis, 215 the scaffolds were trimmed to include 2 Kbp flanking the rpS3 gene. If the scaffold did not span 2 216
Kbp on either side, then the entire scaffold was kept, with a minimal length of 1 Kbp. The relative 217 abundance of each trimmed scaffold was determined by mapping the reads from each sample to 218 each trimmed scaffold with bowtie2 (Langmead and Salzberg, 2012). The average coverage and 219 breadth of coverage of each scaffold in each sample was then calculated (Olm et al., 2017) . Each 220 scaffold is considered to be present in at least one sample (at minimum, the sample from which it 221 was originally assembled) but could be falsely identified in other samples due to a low breadth 222 cutoff (i.e., false positive). Therefore, we implemented a breadth cutoff of 0.72 based on iterating 223 breadth cutoffs of 0.1 to 1, to find the lowest breadth cutoff that would retain the same number of 224 clusters as went into the analysis. 225
226 Genes involved in carbon, nitrogen and sulfur metabolism were identified using 114 previously 227 published HMM models (Table S1 ). Three genes encoding for 228 enzymes taking part in selenium metabolism were also sought for using TIGRFAM HMM models 229 (Table S1) The longest amino acid sequence from each rpS3 protein sequence cluster was selected as a 241
representative and was compared to a database of rpS3 protein sequences using 242 the ublast function in usearch (Edgar, 2010) . Results were filtered to include only the top hits with 243 e-values lower than 1e-5. While each cluster roughly correlates with a species, not all clusters 244 could be taxonomically identified to that level. Therefore, further investigation relied on 245 phylogenetic distance which enables a high-resolution analysis. A phylogenetic tree was created 246 by aligning only the representative amino acid sequences using MAFFT with an automated 247 strategy (Katoh and Standley, 2013) For the hillslope samples analyzed, the soils are loamy to silty-loam and the soil texture is more 290 similar in deeper samples compared to shallow samples ( Fig. S2 and Table S3 ). For example, 291 shallow samples from PLM0 and PLM1 have higher sand content than downslope PLM3 292 samples, which have higher content of clay and silt, potentially as a result of downslope fining of 293 transported sediments. Soil moisture increases with proximity to the East River, but decreases 294 with depth ( Fig. S2 and Table S4 ). An exception to this is at the floodplain, where moisture 295 increases close to the water table (72 cm below the ground surface at the time of sampling). The 296 hillslope meadow is dotted with smooth brome (Bromus inermis) and lupines (Lupine sp.); 297 however, neither occurred within a 50 cm radius of the sampling sites (qualitative assessment on 298 site). In contrast, the floodplain is dominated by willows and sedges that are not present on the 299 hillslope. Gopher activity increases downslope, but does not occur at the floodplain location 300 (Wendy Brown, personal communication). 301
302
Assembling reads from 41 samples, comprising 610 Gbp of sequence data, resulted in 6.5 303 million scaffolds longer than 1 Kbp (Table S1 ). Encoded on these, 3536 rpS3 amino acid 304 sequences were identified and clustered into 1660 clusters (at 99% identity), representing 37 305 microbial phyla. In general, the microbial communities are dominated by bacteria (relative 306 abundance 0.95 ±0.03 sd). The most abundant phyla across all samples are Acidobacteria, 307
Actinobacteria, Chloroflexi and Proteobacteria, but their relative abundance varies considerably 308 across samples and depths (Fig. 2) . Species of Verrucomicrobia and to a lesser extent also 309
Gemmatimonadetes are more abundant at sites high on the hillslope (i.e., PLM0, PLM1, and 310 PLM2) compared to their abundance at PLM3 and the floodplain site PLM4. 311
Proteobacteria species comprise 22.7% (±10.8 sd) of all microbial abundance. This dominance 312 increases systematically with distance down the hillslope, largely irrespective of the sampling 313 depth ( Fig. 2 and Figure 3A ). Gammaproteobacteria species are almost undetectable in 314 communities higher on the hillslope, whereas alphaproteobacterial species are prevalent at all 315 sites (Fig. 3A) . Deltaproteobacteria species increase in abundance with increasing proximity to 316 the floodplain and also with increasing proximity to the water Geobacter spp. and Desulfuromonas sp. in clades 3 and 4, see Figure S3 ). Some distinct species 320 (clade 2 in Figure S3 ) occur only below the water table (Syntrophaceae, Figure S3 Out of the 37 microbial phyla that were identified, 20 are candidate phyla (CP) (i.e., phyla that 340 lack an isolated representative). Of the CP, eight are part of the Candidate Phyla Radiation 341 (CPR) (Fig. 4) . Members of CP are present at all sites along the hillslope transect, but they are 342 generally more abundant in deeper samples at each site (Fig. 4A) . Interestingly, CPR bacteria are 343 almost exclusively found at the floodplain site and only just above and just below the water table 344 differentiates these 5 cm from 30 cm soil samples and also separates samples from PLM4 from 360 above and below the water table (Fig. 5B ). Unweighted Unifrac based PCoA indicates that 361 communities in weathered shale sampled at PLM6 and proximity to weathered shale from PLM3 362 have similar microbial community compositions (Fig. 5A ), but this similarity decreases when 363 organism abundances are considered (Fig. 5B) . Thus, for soils that contain similar types of 364 organisms, sampling depth and proximity to weathered rock shift organism abundance relative 365 levels. Overall, distance from groundwater and weathered shale seem to be dominant factors in 366 determining the microbial community structure across the hillslope. Table S4 . 393 394 Metabolic potential, as depicted by detected genes, differentiates locations along the hillslope to 395 floodplain transect. Out of 118 Hidden Markov Models (HMMs), 101 were found to exceed our 396 detection threshold (see Methods). A Principal Component Analysis (PCoA) of gene abundances 397 reveals a clear depth gradient in samples taken from the floodplain site (Fig. 7) . A depth-398 dependent trend in overall metabolic potential is also observed along the hillslope. In addition, 399 gradient in overall metabolic potential correlates with elevation (i.e., position on the hillslope). The patterns identified in the PCoA are driven in part by genes encoding enzymes involved in N2 406 fixation, the Wood-Ljungdahl carbon fixation pathway (cooS, cdhC and cdhD) and dissimilatory 407 sulfite reductase subunits A and B (dsrA and dsrB). All are enriched at the floodplain relative to 408 the hillslope sites, and below compared to above the water table (Fig. 8) . Also enriched in 409 samples from below the water table is the catalytic subunit of thiosulfate reductase phsA, which 410 catalyzes the reduction of thiosulfate to sulfite and hydrogen sulfide, and [NiFe]-hydrogenases 411 from groups 1, 2a, 2b, 3a, 3b, 3c and 3d. Out of the four genes involved in selenate reduction, 412
srdA which is associated with selenate respiration is highly enriched in samples from below 413 compared to above the water table and weathered shale compared to soil. particularly with respect to carbon fixation and selenate reduction. Furthermore, weathered shale 419 samples at PLM6 are distinct from other hillslope samples. Samples names in red denote DNA 420 samples that were co-extracted with RNA (see Methods). The sources of HMMs and their 421 description are given in Table S1 . 422 423 Discussion 424
We integrated metagenomics and soil chemical analysis to investigate how microbial community 425 structure and metabolic potential vary within the subsurface across a transect from high on the 426
East River hillslope to its adjoining floodplain. Our analyses indicate that communities are 427 differentiated according to depth and proximity to weathered shale and groundwater, and that 428 microbial communities of the floodplain soils and sediments differ substantially from those 429 collected along the hillslope. 430
431
Notably, the abundance of species of Archaea, Proteobacteria and Candidate Phyla Radiation 432 (CPR) bacteria have distinct spatial patterns. Thaumarchaeota, the dominant archaeal taxon in 433 soils (Bates et al., 2011) , are typically aerobic ammonium oxidizers that can drive nitrification 434 (Colman, 2017) . They were detected at every depth sampled across the hillslope, as found in 435 hillslope soil pits in Colorado by Eilers et al. (2012) . The absence of Thaumarchaeota at the 436 floodplain may be explained by extended periods of water saturation. Low redox conditions, 437 inferred based on abundant genes involved in sulfate and selenate reduction, apparently selected 438 instead for Bathyarchaeota and Euryarchaeota. 439 440 Bacteria from candidate phyla increase in abundance with depth throughout PLM sites and may 441 have eluded prior cultivation studies due to their low abundance in more commonly sampled 442 shallow soil. However, CPR bacteria, which elude most cultivation efforts (Solden et al., 2016) , 443 are likely dependent on other microorganisms for basic cellular building blocks (Kantor et al., 444 2013; Brown et al., 2015) . Other than the two occurrences of Yanofskybacteria species in deep 445 samples close to the soil-weathered shale transition (127 cm and 170 cm from PLM3 and PLM6, 446 respectively), bacteria from all eight CPR phyla were detected only in the floodplain samples. 447 CPR bacteria are often found in anaerobic environments and have streamlined genomes, lacking 448 many genes for independent survival. Many are likely obligate symbionts, and as such they 449 likely associate with anaerobic hosts with the identity of their hosts remaining unclear (Brown et 450 al., 2015; Hug, Baker, et al., 2016; Castelle and Banfield, 2018) . 451
452
The abundance of genes encoding methanol dehydrogenase (pqq in Figure 8 Further, three genes encoding for key enzymes in the anaerobic Wood-Ljungdahl pathway for 462 carbon fixation and genes for nitrogen fixation are relatively abundant at the floodplain site 463 compared to the hillslope sites. These patterns support the conclusion that groundwater-saturated 464 regions of the watershed support largely anaerobic microbial communities. Overall, the findings 465 indicate that floodplain site metabolic potential is depth-stratified, with one microhabitat below 466 the water table and apparently colonized by organisms with anaerobic metabolisms and another 467 above the water table where communities would experience fluctuating states of aeration. The 468 spatial layout of the two compartments may support complete redox cycles, analogous to sulfur 469 cycling at oxygen-minimum zones in the ocean (Canfield et al., 2010) . Supplemental Tables and Files  562   563   Table S1 -Key genes in metabolic pathways and the origin of the HMM model that was 564 used to identify them in the metagenomic samples. 565 566 Table S2 -Sequencing depth and assembly information 567 568 
